The Corrosion of Materialsin Spallation Neutron Sour ces

R. Scott Lillard, Darryl P. Buitt
Materials Corrosion and Environmental Effects Lab
Materials Science and Technology Division, MST-6

Los Alamos National Laboratory
Los Alamos New Mexico 87545

Summary

This paper presents a summary of our current efforts to measure the real-time corrosion
rates of Alloy 718 (718) during 800 MeV proton radiation at currents up to 1 mA. Specialy
designed corrosion probes, which incorporated ceramic seals, were mounted in awater manifold
that allowed samples to be directly exposed to the proton beam at the Los Alamos Neutron Science
Center. The water system that supplied the manifold provided a means for controlling water
chemistry, measuring dissolved hydrogen concentration, and measuring the effects of water
radiolysis and water quality on corrosion rate. Red-time corrosion rate measurements during
proton irradiation showed an exponential increase in corrosion rate with proton beam current.
These results are discussed within the context of water radiolysis at the diffusion boundary layer /
beam-spot interface. However, additional factors that may influence these parameters, such as
oxide spallation and charge build-up in the passive film, are not ruled out. Results from a 718
sample placed in the water system downstream from the beam spot are also presented.



Introduction to Spallation Neutron Sour ces

Over the course of the past 30 years numerous particle accelerators have been devel oped
around the world: the Fermi proton/anti proton ring in lllinois, the KEK proton synchrotron in
Japan, the CERN proton synchrotron in France, and the I SIS pulsed neutron spallation source in
Oxford to name afew. The world's highest power spallation neutron source is the Los Alamos
Neutron Science Center (LANSCE) at Los Alamos National Laboratory. At LANSCE, 800 MeV
protons at currents as high as 1 mA strike atungsten target producing high energy neutrons.
Circulating water loops are used to cool the target and to moderate the energy of the neutrons. This
source of moderated neutrons is then used for neutron scattering and neutron diffraction studies.

It has also been proposed that spallation neutrons may be used to produce tritium. This has
led to the Accelerator Production of Tritium (APT) project headed by the L os Alamos National
Laboratory in collaboration with Westinghouse Savannah River Company, Brookhaven National
Laboratory, Lawrence Livermore National Laboratory and Sandia National Laboratories. In APT,
high energy protons would be accelerated to 1.7 GeV by alinac operating at currents over 1 mA.
Asat LANSCE, high energy neutrons would be produced when the proton beam leaves ultra-high
vacuum and strikes a tungsten target. A circulating water loop would provide neutron moderation
and target cooling. Tritium would be produced by "capturing" the moderated neutrons in an *He
gas blanket. To study the feasibility of building such afacility, the APT project has been divided
into three separate thrust areas 1) Accelerator Technology (RF quadropole design, high energy
linac, etc.), 2) Target/Blanket Technology (neutron production and materials verification), and 3)
Tritium Separation Technology (*He blanket, isotope separation, etc.) The materials verification
studies for the target blanket loop include examining the effects of proton / neutron radiation on
materials strength and ductility as well as materials corrosion during high energy proton irradiation
and in radiolyzed water. This paper presents a summary of our current efforts to measure the real-

time corrosion rates of Alloy 718 (718) during high energy proton irradiation at LANSCE.



Radiation and Radiolysis Effects on Corrosion

The irradiation of water by ionizing radiation (electron, proton, gamma, etc.) resultsin the
deposition of energy along tracks. This energy deposition results in nonhomogenous reactions that
produce a variety of intermediate and stable water radiolysis products, such as: H,, O,, H,0,,
OH, H, e, HO,, O,, HO,, OH’, H" (1, 2, 3, 4, 5, 6). Thelifetime of many of these speciesis
short, on the order of microseconds or less. While short-lived water radiolysis products may be an
important consideration in the corrosion mechanism of materials exposed directly to ionizing
radiation (as the short lived specieswill be formed at the metal / solution / radiation interface ) they
will have little impact on materials "downstream” from the radiation source in a cooling water loop.
The corrosion reaction mechanism of the downstream materials will most likely be controlled by
long-lived radiolysis products such as hydrogen peroxide (H,O,) and oxygen (O,) as well as
contaminants and spallation products. Oxidizing water radiolysis products such as H,O, and O,
are detrimental as corrosion reactions are generadly cathodically limited.  That is, anodic
(oxidation) and cathodic (reduction) reactions at the rest potential are at steady state (i.e., you can
not store charge) and the rate determining step is typically the cathodic reaction. Therefore, an
increase in the concentration of the oxidizing species increases the rate determining step in the
corrosion reaction and, correspondingly, increases the anodic reaction rate. To minimize the
concentration of total oxidant in solution due to gamma (g) radiolysis, boiling water reactors and
pressurized water reactors (BWR and PWR respectively) have employed a method known as
hydrogen water chemistry (HWC) (7, 8, 9, 10, 11, 12).

While numerous studies have focused on the effects of gammaradiation and radiolysis on
corrosion rate, little attention has been given to the effects of proton radiation. Simnad and
Smoluchowski measured the real-time open circuit potential (OCP) of a tungsten target during
irradiation in 2260 MeV proton beam(13). They found that the OCP of the tungsten target became
more positive with increasing proton fluences. Thelr interpretation of this result was that particle
radiation created defects at the metal surface which contributed to the observed electrode potential

increase. They theorize that the defects had to be large (dislocation lines, loops, or collapsed



vacancy clusters) because isolated vacancies and interstitials would presumably disappear rapidly
given their proximity to the surface. Simnad and Smoluchowski also investigated the effects of
proton radiation on the dissolution rate iron(14). In these experiments weight |oss measurements
found, for afluence of 1x10™ protons/cn?, that the dissolution of iron increased from 0.4 mg/cm?
in the absence of irradiation to approximately 1.4 mg/cm? during irradiation. In similar studies
during girradiation, real-time increases in the OCP and corrosion rate have been observed for 304L
and 316L (15), aluminum alloys(16), and grade 12 titanium(17, 18) samples. It was demonstrated
in each of these studies that increases in the OCP and corrosion rate may be attributed to an

increase in concentration of total oxidant in solution.

Design of the LANSCE Experiments

All experiments were conducted at the A6 Target Station which islocated in Experimental
Area A just in front of the linac beam stop at LANSCE. At this station the proton beam had a
Gaussian distribution of 2s = 3 cm and an energy of 800 MeV. The beam had a characteristic
macropul se repetition rate between 10 and 100 Hz and a gate length of 625 to 835 microseconds.
Beam currents were controlled by varying the repetition rate and the number of micropulsesin the
gate and, therefore, the gate length. Nominally, the currents varied between 1 and 400 mA. A
detailed description of the beam profile as well as diagrams of the beam at A6 has been presented
elsewhere(19). The corrosion water loop (Figure 1) at the A6 Target Station consisted of a
pumping system to control flow and pressure to the manifold which held the corrosion samplesin-
beam.

To measure the real-time in-beam corrosion rate of amaterial as afunction of beam current
and time, it was necessary to electrically isolate the corrosion samples from the stainless steel 304
water system. Conventionally, this can be accomplished with commercially available corrosion
probes that use metal-to-glass seals. However, in addition to physical damage proton irradiation
of glass causes its conductivity to become unacceptably high, rendering the seal useless.

Therefore, an alternate sealing method was chosen. As shown in Figure 2, the in-beam corrosion



samples were metal tubes (one end closed, one end open) with an outside diameter of 1.27 cm and
alength of 15.87 cm. The wall thickness was varied with the sample type and probe position to
yield similar energy deposition and thus similar surface temperature. To electrically isolate these
tubes from the water system, the open end of the sample was joined to one end of a dumb-bell
shaped ceramic insulator (machined from alumina) by means of a compression seal. The other end
of the ceramic insulator was joined to a stainless steel 304L flange by means of another
compression seal. The flange provided a means for welding the probe assembly into a water
manifold. Electrical contact to the sample was made via a nickel wire which was spot welded to
the inside of the probe prior to joining. Thiswire was fed through a hole in the ceramic. Samples
were fabricated from stainless steel 304L, alloy 718, and tantalum. Only the results from aloy 718
are reported here. Inconel 718 isacrucial material, used to construct the window between UHV
and the target chamber aswell asto clad the tungsten (W) targets for the spalation source.
Although the ceramic sealing process required the corrosion samples to be held at approximately
800-900° C for 10 to 20 minutes, smilar heat treatment of alloy 718 in the lab showed no
substantial microstructural differences when compared to the as received material.

The water manifold held 3 seperate experiments (Figure 3). The in-beam experiments
consisted of 7 tubes arranged in a close-packed array (Fig. 3 bottom). Each tube contained a
corrosion sample. The manifold was welded to the bottom of an 11’ supporting insert which
supported the weight of the manifold and provided the necessary conduits for electrical and water
connections. Similar corrosion probesto examine SCC and the effects neutrons on corrosion rate
were also attached to the bottom of thisinsert . Thermocouples (TC's) attached to the front of the
manifold verified the position, size and shape of the proton beam while additional TC's brazed to
the outside of each tube were used to cal cul ate the surface temperature of the corrosion samples. A
diagram depicting the corrosion insert and its relative position at the target station is presented in
Figure 4 (insert 17B). All experimental in-beam data presented here were collected with only the
corrosion insert in place; that is, inserts 17A and 18A through 18C were raised to a height

sufficient to remove them from the proton beam path.



In addition to the in-beam probes, samples were also located out-of-beam, downstream
from the manifold (Figure 1). Out-of-beam corrosion samples were fabricated from AI6061,
Al5052, W, Ta, 304L, 316LN, and alloy 718 (only the results of alloy 718 are reported here).
The probes which held these samples were purchased from a commercial vender "off-the-shelf."
They employed glass to metal seals. The system also contained a number of additional probes to
monitor OCP, water conductivity, and hydrogen concentration.

After assembling the water system, it was steam cleaned, rinsed with a 50/50 mixture of
ethanol and deionized (D) water followed by several rinses with DI water alone. Following this
cleaning procedure the system was filled with DI water. A mixture of Ar-6%H, was continuously
bubbled into the water system such that the dissolved hydrogen concentration was approximately
0.30 ppm. This hydrogen concentration was maintained during the course of the experiments.

Because the cooling water in the LANSCE A6 corrosion loop was deionized prior to being
pumped into the system and had an initial resistivity of approximately 10° ohm'cm, electrochemical
impedance spectroscopy (EIS) was used to measure corrosion rate. Traditional dc electrochemical
techniques for measuring corrosion rate contain an error due to the geometric solution resistance

(i.e, Vool oo = R = Ry+R

applied | mess where R, isthe polarization resistance and is inversely

pol "
proportional to corrosion rate, R, is the geometric solution resistance, and R iS the measured
resstance). Typicaly Ry, issevera orders of magnitude smaller than R, and is, therefore, often

neglected. Because Ry, inthe LANSCE A6 water loop was large relativeto R, the uncorrected

pol’
polarization resistance would have been over estimated and, as aresult, the corrosion rate would
have been be underestimated. While there are methods in traditional dc electrochemistry to
compensate for Ry, indirectly (such as current interrupt), EIS is a powerful non-destructive ac
technique that allows R, to be measured directly in each experiment(20, 21, 22). Here, EIS
measurements were conducted with a 30 mV sinusoidal voltage perturbation over the frequency
range of 0.003 - 1 kHz. No applied dc potential was employed; that is, all measurements were
conducted at the OCP. To eliminate the effects of ground loops, floating ground EIS systems were

used.



Real-time Electrochemical M easurements During Proton Irradiation

OCP data as a function of time before and during proton irradiation for the in-beam and
out-of-beam 718 samples are presented in Figure 5. While the OCP of the out-of-beam sample
remained constant independent of irradiation, when the proton beam was turned on to a beam
current of 100 nA at 230 seconds, a sharp positive shift in the in beam OCP from its steady state
value of -0.03 V vs ground to avalue of 0.07 V SCE was observed. Similarly, upon turning the
beam off a sharp decrease in the OCP was always observed (not shown). The sharp positive
increase in the OCP after turning the beam on is consistent with an increase in the concentration of
total oxidant at the in-beam probe / solution / beam spot interface while the lack of change in the
OCP the out-of-beam sample when the beam was turned on is evidence that no increase in the bulk
concentration of total oxidant occurred. Moreover, had the concentration of total oxidant in the
bulk solution increased, the sharp decrease in the OCP of the in-beam probe when the beam was
turned off would not have occurred.

Typica EIS datafrom the in-beam 718 probe as a function of beam current are presented in
the form of Bode magnitude and phase plotsin Figure 6. The datain Figure 6 were modeled by
the electrical equivaent circuit presented in Figure 7. Thiscircuit is known asasimplified Randles

circuit(23). By subtracting R, from the low frequency impedance (equa to R, +R ), R, for the

pol

sample was determined. Data modeling was accomplished by using a complex non-linear |east
squares fit (CNLS) of the data. A typical CNL Sfit for the in-beam 718 probe at a beam current of
400 mA is presented in Figure 8. From the polarization resistance, corrosion rate was determined

from the well know expressions:

icorr = 0.026 Rpol Eq. 1
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Eq. 2



where i, isthe corrosion current density in milliamps/cn?, R, is the area normalized polarization
resistance in ohm'en?, EW isthe equivalent weight in g/equivalent., D is density in g/cm®, and
CRiscorrosion rate in mils/yr. Equation 1 assumes the anodic and cathodic Tafel slopes are equal

t0 0.12 V. The error associated with assumption is typically within than the range of -38.5% to +
22.1%(24).

The effect of beam current on the corrosion rate of the in-beam 718 probe is presented in
Figure 9. The exponential increase in corrosion rate of the in-beam sample is consistent with an
increase in concentration of total oxidant in the diffusion boundary layer. In comparison, the
corrosion rates for the out-of-beam 718 sample (supply side) were orders of magnitude less than
the in-beam corrosion rates (Figure 10). Moreover, no correlation between the corrosion rate of
the out-of-beam-sample and beam current or solution resistivity was observed. As noted above,
R, is the areanormalized polarization resistancein ohm'cn?, therefore, these corrosion rates
assume uniform corrosion current density across the entire surface. For the out-of-beam samples
this assumption isvalid in the absence of pitting corrosion. For the in-beam samples, these rates
are likely non-conservative as the Gaussian beam profile irradiated only a small fraction of the
sample surface (10-20%). It has been shown for tungsten targets that the corrosion rate is highest
at the center of the beam spot(25). Currently we are developing a method to use the Gaussian

beam profile to normalize R ., as afunction of position across the sample. It ishoped that this will

pol
provide an upper boundary for the maximum corrosion rate that may be occurring at the center of
the beam spot. A complete discussion of this analysis will appear in later publications.

The OCP of the out-of-beam sample was observed to increase during the course of the
irradiation period (Figure 11). This observation was consistent with an increase in concentration
of total oxidant in the water system. As determined by iodometric titration (a technique sometimes
called Kingzettis method), the final concentration of H,O, in the water system at the end of the 107
day irradiation period was 3.3 x10* M. The effect of 3 x10* M H,O, on the potentiodynamic

polarization curve of 718 (in boric acid / sodium borate buffer, pH 7.2) is seen in Figure 12.



While the OCP of the sample in H,O, is approximately 175 mV more positive in the peroxide

solution, the differenceini_, is almost imperceptible: 2.9x10° A/eny vs. 2.4x10® A/cn? with and

without peroxide respectively. Recall that i, isdirectly proportional to corrosion rate (Eg. 2). In
addition, the cathodic reaction rate is higher in the presence of H,O, for any given potential which
isreflective of peroxidesrole as an oxidant. However, no large increase in the corrosion current
density for 718 was observed in the peroxide solution as might be anticipated for a material that
exhibits passivity over awide potential range. From these results we conclude that the small
increase in the concentration of total oxidant observed in the LANSCE A6 water system due to
radiolysis was responsible for observed increase in the OCP of the out-of-beam 718 sample with
time. Moreover, the presence of peroxide is not necessarily associated with an increase in
corrosion rate which explains the relatively constant out-of-beam 718 corrosion rates.

While the results presented in this paper have been interpreted in terms of awater radiolysis
mechanism, spallation of the passive film and temperature increases (due to energy deposition from
the proton beam) may also increase corrosion rates at the OCP. Currently we are examining the
effect of temperature in the laboratory to eliminate this unknown. To address the possibility of
oxide spallation (due to low energy spallation products not high energy protons) we are using
surface enhanced Raman spectroscopy to characterize the passive film during irradiation.
Additiona studies will use cyclic voltammetry to measure peroxide concentration differences
between the double layer and bulk solution.
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Figure 1 A diagram representing the corrosion water system at the LANSCE A6 Target Station.
This system was used to measure the red-time corrosion rates of materials during proton
irradiation.
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Figure 2 A diagram depicting the corrosion probes used to electrically isolate the corrosion
samples from the water system. Samples were mounted on the aumina by means of a
compression sedl

Figure 3 A photograph of the corrosion insert (17B) prior to being set in place at the A6 Target
Station. Photo isfrom the rear of the insert, that is, the proton beam is perpendicular to the page
and would strike the in-beam probes from the opposite side.

14



17/B

18C
18B
18A
17A
> | neutron
T~
o0 o scc

7\
ﬁ -O .
proton o in-beam

beam

Figure 4 A diagram representing the A6 Target Station at LANSCE and all of the materials
irradiation inserts. All in-beam data reported on in this paper were collected with inserts 17A-18C
removed from the beam path.
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Figure 5 Open circuit potential of the in-beam and out-of-beam alloy 718 samples before and
during proton irradiation. Potential was measured with respect to ground (that is, the stainless
steel water system).
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Figure 6 Bode magnitude (a) and phase (b) plots from the 718 sample during proton irradiation
at proton beam currents of 1, 10, and 40 mA.
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Figure 7 Equivalent circuit model used in complex non-linear least squares fitting of the EIS
datawhere: R, represents the polarization resistance and is inversely proportional to corrosion
rate, C, represents the double layer capacitance, and R_, represents the geometric solution
resistance.
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Figure 8 Bode magnitude and phase data from the in-beam 718 sample during radiation at 400

mA and the CNL Sfit of the data to the equivalent circuit shown in Figure 7. For clarity, not all
experimental data are shown .
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Figure 9 Corrosion rate from the in-beam 718 sample as a function of proton beam current. The
calculation of corrosion rate used the total surface area making these rates non-conservative as the
beam spot covered less than 30 % of the sample surface.
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Figure 12 Potentiodynamic polarization curvesfor alloy 718 in borate buffer pH 7.2 with and
without the addition of hydrogen peroxide. While peroxide increased the OCP by approximately
0.20 V, the small increase in corrosion current density is almost imperceptible. (Arrowsindicate
scan direction)
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